Introduction {#s0001}
============

With the development of regenerative technologies, stem cell therapy has emerged as a promising and attractive strategy to enhance tissue regeneration, cutaneous homeostasis, and wound healing.[@cit0001]--[@cit0004] Bone marrow-derived mesenchymal stem cells (BM-MSCs), also known as stromal progenitor cells, possess the ability to self-renew, expand rapidly, and differentiate into various tissue types via asymmetric replication.[@cit0005]--[@cit0007] Mesenchymal stem cells (MSCs) express low levels of major histocompatibility complex molecules, and this allows their allogeneic and xenogeneic applications.[@cit0008] MSCs are involved in the inflammatory, proliferating and remodeling stages of tissue regeneration.[@cit0009]--[@cit0011] Additionally, tissue injury repair is primarily advanced by MSCs that migrate to the site of damage and undergo differentiation, thereby promoting structural and functional repair.[@cit0012] The homing capacity of MSCs allows them to migrate to sites of injury and inflammation.[@cit0013] Several studies have demonstrated that after intravenous delivery, BM-MSCs migrate to the site of bone or cartilage damage, myocardial infarction, and ischemic cerebral injury.[@cit0014]--[@cit0016] Although MSCs were initially shown to promote tissue repair by trans-differentiation of specific cell types required to repair damaged tissue, current data suggest paracrine signaling as the primary mediator of the reparative effects of MSCs.[@cit0017] Practically, attracting more cells to a damaged tissue would enhance the recovery of the injured tissue because of the increase in paracrine factors. Thus, increasing the migratory capacity of MSCs would improve healing.

Severe acute skin injuries such as those caused by burns and chronic wounds are a global health issue.[@cit0018] Wound healing progresses via various overlapping phases of cell migration, inflammation, angiogenesis, proliferation, and remodeling.[@cit0019],[@cit0020] MSCs enhance angiogenesis in the wound healing process.[@cit0021] In fact, a study involving MSCs implanted into cutaneous wounds suggested that MSCs increase the levels of vascular endothelial growth factor (VEGF), one of the most potent pro-angiogenic factors, the density of microvessels, and cutaneous wound microcirculation.[@cit0022] However, the regression of inflammation is the key to successful wound healing, because chronic inflammation can lead to poor healing.[@cit0023],[@cit0024] The administration of MSCs attenuates inflammation, reduces pro-inflammatory network activity, and amplifies anti-inflammatory signals.[@cit0025] Thus, the ability of MSCs to regulate inflammatory responses supports their beneficial effects on the healing response.

The strong anti-inflammatory potential of MSCs in skin wound healing has encouraged efforts to identify and develop suitable MSC delivery approaches. Recent studies have also assessed new approaches to maximize MSC migratory capacity.[@cit0026]--[@cit0029] Specifically, strategies to increase MSC migration to areas of skin trauma have been investigated.[@cit0028],[@cit0029] C-X-C chemokine receptor type 4 (CXCR4) overexpression enhanced MSC migration to damaged tissue sites in vivo.[@cit0030] Other studies have attempted to improve homing efficiency by binding specific antibodies or proteins to the cell surface.[@cit0026],[@cit0027] Previous studies on *Mallotus philippinensis* bark extract have similarly demonstrated enhanced MSC migration to wound sites via blood circulation.[@cit0031] However, these experimental methods and processes are very complicated. Therefore, finding a simple and convenient way to increase the homing ability of MSCs is the direction of ongoing research efforts.

Recently, a magnetically targeting drug delivery system has been developed to improve drug targeting, enhance drug efficacy, and reduce toxic adverse effects.[@cit0032],[@cit0033] Iron oxide nanoparticles (NPs) are a transmission medium-based magnetic targeting drug delivery system.[@cit0034],[@cit0035] Magnetic MSCs were obtained by co-cultivating MSCs with diluted magnetic NPs in cell culture medium. The MSCs internalize the NPs by passive diffusion or endocytosis, generally over a few hours.[@cit0036] Iron-containing NPs show an acceptable level of biocompatibility, partially due to the body's innate ability to metabolize naturally occurring iron in the form of ferritin. Because iron-containing NPs are superparamagnetic, the risks of particle aggregation and vessel occlusion are minimized.[@cit0037] Another reason for good biocompatibility is that NPs may have an activity similar to that of natural catalases, and it depends on the acidity of the surrounding cellular environment.[@cit0038] Shen et al introduced another method to deliver magnetic stem cells via intra-carotid delivery, thereby improving attraction to injured areas after traumatic brain injury.[@cit0039] Although these results are promising, most of these studies used a constant electromagnetic or an internal magnetic field.

There are a few studies on the application of permanent transient non-invasive external magnetic fields (EMF) to magnetically targeted MSC therapy. Iron (II,III) oxide (Fe~3~O~4~) in iron oxide NPs can be employed to induce directional migration of magnetized MSCs using an EMF.[@cit0040] Therefore, in this study, we sought to (i) determine if MSCs labeled with Fe~3~O~4~ NPs retain their biological characteristics, (ii) detect the secretion of anti-inflammatory cytokines after treatment with MSCs labeled with Fe~3~O~4~ NPs, and (iii) assess the migration of magnetically targeted MSCs and their therapeutic effect on burned skin in vivo. Our results indicate that Fe~3~O~4~ NPs have no adverse effects on MSCs and increase anti-inflammatory cytokine production in MSCs in vitro. In addition, we revealed that magnetically targeted MSCs had better effects on migration, angiogenesis and anti-inflammatory cytokine secretion than MSCs alone, suggesting that magnetically targeted MSCs had stronger anti-inflammatory effects on burned skin repair in vivo ([Figure 1](#f0001){ref-type="fig"}).Figure 1Schematic diagram of the entire experiment.

Materials and Methods {#s0002}
=====================

Iron acetylacetonate (Fe (acac)~3~, 99.9+%), 1,2-hexadecanediol (90%), benzyl ether (99%), oleyamine (OLA, 70%), oleic acid (OA, 90%), and sodium dodecyl sulfate (SDS, 99%) were purchased from Sigma-Aldrich. Toluene was analytical grade and used as received. Absolute ethanol and deionized water were used in all experiments.

Ethical Approval {#s0002-s2001}
----------------

The rats were treated in strict accordance with the Guidelines for the Care and Use of Experimental Animals of Jilin University. The protocol was approved by the Animal Experimental Ethics Committee of Jilin University (Experiment no. SY201807024). All animal experiments were conducted in accordance with internationally recognized guidelines for animal care (EEC Directive of 1986; 86/609/EEC).

Synthesis of Fe~3~O~4~ NPs {#s0002-s2002}
--------------------------

We mixed 5 mmol 1, 2-hexadecanediol, 2 mmol Fe (acac)~3~, 6 mmol OA, and 6 mmol OLA with 20 mL of benzyl ether. Under a nitrogen atmosphere, the mixture was heated to 200 ºC at a rate of 20 ºC min^−1^ for 30 min, and then refluxed for another 30 min at 265 ºC. The solution was then cooled to room temperature. The OA-stabilized Fe~3~O~4~ NPs were extracted and washed three times with ethanol before being dispersed in toluene. Under mechanical stirring and a nitrogen atmosphere at room temperature, 4.0 mL of 7.0 mg/mL OA-stabilized Fe~3~O~4~ NPs were injected into aqueous SDS solution (2.8 mg/mL, 12.5 mL). After ultrasonic treatment, the emulsion was heated at 60 ºC to evaporate toluene. The SDS-capped Fe~3~O~4~ NPs were collected and stored at 4°C in a refrigerator until use. Dynamic light scattering was measured using Zetasizer Nano ZS (Malvern Instruments, Worcestershire, U.K.).

BM-MSC Isolation {#s0002-s2003}
----------------

BM-MSCs were harvested from the bone marrow of 4-week-old male Wistar rats, as previously described.[@cit0041] Briefly, the rats were euthanized, and then the tibias and femurs were collected and cleaned to remove connective tissues. After removing the epiphysis, the marrow was flushed out and cultured in DMEM/F12 supplemented with 10% fetal bovine serum (FBS, Invitrogen Australia Pty Ltd., Mount Waverley, Victoria, Australia) and 1% penicillin/streptomycin. The marrow was then incubated at 37°C in a humidified 5% CO~2~ environment. The medium was changed twice weekly until the cells reached approximately 80% confluence. The third or fourth passages' MSCs were used in all experiments.

MSC Characteristics {#s0002-s2004}
-------------------

The third passage cells were used for MSC differentiation and surface marker detection. Adipogenesis or osteogenesis was validated via independent experiments using complete STEMPRO^®^ adipogenesis or osteogenesis differentiating medium (Invitrogen Australia Pty Ltd.), according to the manufacturer's protocol. Following fixation, the lipids in cells were detected by Oil Red O staining (Sigma-Aldrich, St. Louis, MO, USA). Cells in osteogenic cultures were stained with Alizarin red using the Alizarin staining kit (Genmed, Shanghai, China). Flow cytometry analysis was performed for MSC identification. The antibodies used were as follows: anti-cluster of differentiation (CD) 73 (nbp2-25235SS; Novus, Colorado, USA), CD105 (ab11414; Abcam, Cambridge, UK), CD34 (ab81289; Abcam), fluorescein isothiocyanate (FITC) CD45 (561867, BD Biosciences; CA, USA), CD44 (550974; BD Biosciences) and FITC-CD90 (561973; BD Biosciences). The cells were then incubated with goat anti-rabbit IgG-FITC or anti-mouse IgG/PE secondary antibodies (abs20023/abs20007; Absin, Shanghai, China). Data were analyzed by flow cytometry (FACSAria II; Becton Dickinson, New Jersey, USA) with FACSDiva software (Becton Dickinson).

In vitro Cell Labeling and Toxicity Assays {#s0002-s2005}
------------------------------------------

Adherent MSCs (80--90% confluence) were washed with phosphate-buffered saline (PBS) and incubated with Fe~3~O~4~ NPs (0, 25, 50, 100, 150, and 200 µg/mL) in FBS-free culture medium for 2 h (n = 4). The cells and NPs were then co-cultured in a fresh medium containing 10% FBS for 14 h. The MSCs were washed with PBS and stained using the Prussian blue iron staining kit (Beijing Solarbio Science and Technology, Co. Ltd., Beijing, China), according to the manufacturer's protocol.

In vitro toxicity experiments were performed at 24 h after Fe~3~O~4~ NP (0, 25, 50, 100, 150, and 200 µg/mL) labeling. Cytotoxicity of Fe~3~O~4~ NPs was evaluated using the cell counting kit (CCK)-8 assay (KeyGEN BioTECH, Nanjing, China). Fe~3~O~4~ NPs that displayed minimal cytotoxicity were used in the subsequent experiments.

Quantification of Intracellular Iron {#s0002-s2006}
------------------------------------

To quantify the cellular uptake of Fe~3~O~4~ NPs, the iron content in NP-labeled MSCs was detected by inductively coupled plasma-optical emission spectrometry (ICP-OES) using the Perkin-Elmer Optima 3300DV system (Perkin-Elmer, Shelton, CT, USA) after digestion in 70% nitric acid and 30% hydrogen peroxide.

Transmission Electron Microscopy (TEM) Analysis {#s0002-s2007}
-----------------------------------------------

The morphological structure of Fe~3~O~4~ NPs (100 μg/mL) was examined using the Hitachi H-800 Electron Microscope (Hitachi, Tokyo, Japan) equipped with a charge-coupled device camera operating at an acceleration voltage of 200 kV. For TEM, the cells were fixed in phosphate-buffered Karnofsky's fixative solution, stained with 2% osmium tetroxide over night at 4°C, dehydrated, embedded in epoxy resin, and cut into 70-nm sections. The sections were collected on copper grids containing Formvar support film. The samples were analyzed using the Tecnai Spirit system (120 kV; FEI, Hillsboro, OR, USA).

Proliferation Assay {#s0002-s2008}
-------------------

The third passage cells were used in the proliferation assay. The proliferation of NP-labeled and unlabeled MSCs was compared using the CCK-8 assay. MSCs labeled with or without Fe~3~O~4~ NPs (50 μg/mL) were seeded in 96-well plates (5000 cells/cm^2^). After 1, 3, 5, and 7 days, the cells were evaluated by measuring the optical density (OD) at 450 nm using a microplate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA).

Colony Formation Assay {#s0002-s2009}
----------------------

The third passage cells were used in the colony formation assay. To test clonogenicity, MSCs labeled with and without NPs were seeded in six well plates (200 cells/well) in the growth medium, which was changed every 3 days. Colonies were allowed to form. Next, the colonies were counted and analyzed within 15 days after seeding. MSCs were washed to remove non-adherent colonies. The colonies were then fixed in 4% paraformaldehyde, stained with Giemsa stain (Sigma-Aldrich), and manually counted.

Luminex Analysis {#s0002-s2010}
----------------

The cytokines' concentrations in collected culture supernatants or serum samples were determined using the Luminex assay with the rat multiplex-cytokine kits (LXSARM-17; R&D Systems Inc., MN, USA). All samples were assayed in duplicate. Briefly, culture supernatants or serum samples were thawed to 4°C and centrifuged at 4°C for 3 min at 1000 *g* to settle any residue. Antibody-coated beads were added to 50 μL of standards and samples in microtiter filter plates. The samples were incubated for 2 h at 23−25°C with continuous shaking at 800 rpm. The plate was then washed and incubated with detection antibodies for 1 h at 23−25°C followed by another 30 min of incubation with streptavidin-labeled PE. The plate was washed twice, and then sheath fluid was added to each well. Finally, the plate was read using a Luminex 200 plate reader. Standard curves were automatically constructed using the five-parameter logistic method. Cytokine concentrations in experimental samples were calculated using the generated standard curves.

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) {#s0002-s2011}
----------------------------------------------------------------------

The total RNA from tissues or cells was extracted using Trizol reagent (Life Technologies, Carlsbad, CA, USA). RNA integrity was electrophoretically verified by ethidium bromide staining and using the OD260/OD280 nm absorption ratio (OD \> 1.9). The total RNA (500 ng) was reverse transcribed into cDNA using Reverse Transcriptase II (TaKaRa, Beijing, China). A no amplification control, without added reverse transcriptase, was included. The reaction mixtures were incubated at 42°C for 30 min, then at 95°C for 5 min and at 5°C for 5 min. Twenty five nanograms of cDNA was subjected to qRT-PCR using the SYBR^®^ Green PCR Master Mix (Applied Biosystems, Warrington, UK) with the StepOnePlus RT-PCR system (AB Applied Biosystems). The thermocycler parameters were as follows: 95°C for 5 min, followed by 40 cycles at 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. All primer sequences were designed and generated by Sangon Biotechnology (Shanghai, China). Detailed information of primers is presented in [Table 1](#t0001){ref-type="table"}. Each sample was tested in triplicate. Relative expression was calculated using the comparative 2^−\ ΔΔ\ CT^ method.Table 1Primer Sequences and Product SizesSymbolPrimer SequencesProduct Sizes (bp)β-ActinF-GCGGCAGTGGCCATCTCTT\
R-CTGGCCGGGACCTGACAGA151IL6F-AGGAGTGGCTAAGGACCAAGACC\
R-TGCCGAGTAGACCTCATAGTGACC85IL4F-CAAGGAACACCACGGAGAACGAG\
R-CTTCAAGCACGGAGGTACATCACG92IL10F-AAAGCAAGGCAGTGGAGCAG\
R-AGTAGATGCCGGGTGGTTCA151Cox2F-AGACAGATCAGAAGCGAGGACCTG\
R-ATACACCTCTCCACCGATGACCTG155TNF-αF-GCCACGAGCAGGAATGAGAAGAG\
R-GCGATGTGGAACTGGCAGAGG103VEGFF-GTCACCACCACACCACCATC\
R-GGCGAATCCAGTTCCACGAG164TGF-βF-GGCACCATCCATGACATGAACCG\
R-GCCGTACACAGCAGTTCTTCTCTG148

Animal Studies {#s0002-s2012}
--------------

In this study, pathogen-free, 6-week-old male Wistar rats were used to avoid potential variability from the female estrous cycle. All animals were purchased from the Institute of Laboratory Animal Sciences (Beijing, China). The rats were housed under specific pathogen-free conditions to acclimate to the experimental conditions for 1 week. The back fur of the rats was removed using depilatory cream and a razor, after which the burn model was established. The rats were anesthetized with 5% chloral hydrate and ethyl ether. Then, a burn encompassing the full skin thickness was induced on the back (3 W/cm^2^ for 5 min) using an 808-nm diode laser (LEO Photonics Co. Ltd., China). The rats were randomly divided into the following five groups: Group 1: blank control group intravenously injected with PBS (n = 8); Group 2: intravenous injection with MSCs dyed with 5 µM 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD) tracer (Sigma-Aldrich, St. Louis, MO, USA) (n = 8); Group 3: intravenous injection with NP-labeled MSCs dyed with DiD (n = 8); Group 4: intravenous injection with NP-labeled MSCs dyed with DiD, with a 1.2-T ultrastrong magnet placed under the injury site for 30 min (n = 8) (the rats were anesthetized for the entire magnet placement time), and Group 5: normal control group with untreated rats (n = 5). The fourth passage unlabeled or NP-labeled MSCs was dyed with DiD before administration. Each rat was injected once with 1 × 10^6^ MSCs (unlabeled or NP-labeled) or PBS via the tail vein. Infused MSCs were visualized by live animal imaging (Caliper Life Sciences, USA) at 7 days post-injection. The rats were euthanized on day 7.

Histopathological Analysis {#s0002-s2013}
--------------------------

The dorsal skin was removed from the euthanized rats, washed with PBS, and fixed with 4% formaldehyde for at least 1 day. The skin samples were dehydrated in graded ethanol, cleared with xylene, infiltrated with paraffin wax, and embedded in paraffin. The embedded sample blocks were cut into 5-μm sections and stained with hematoxylin and eosin (H&E) for histological analysis. The sections were then washed in H~2~O and tissue iron deposits were detected using the Prussian blue iron stain kit (Solarbio). Signal was enhanced with Fast 3,30--diaminobenzidine (DAB; Sigma, St Louis, MO, USA) for 2 min. The samples were then examined using an optical microscope (X51; Olympus Corporation).

### Immunofluorescence Analysis {#s0002-s2013-s3001}

CD31 and α-SMA were detected by immunofluorescence staining to study MSC-induced angiogenesis during wound healing. Briefly, skin tissue excised from the wound sites was fixed in 4% paraformaldehyde, dehydrated in 30% sucrose solution, embedded in OCT, and cut into 4-μm-thick sections perpendicular to the wound surface. The sections were blocked in 1% BSA for 30 min at 23--25°C, incubated with rabbit anti-CD31 (1:100; Abcam, Cambridge, UK), and mouse anti-α-SMA (1:50; Abcam) antibodies overnight at 4°C, and then stained with secondary Alexa-Fluor 594-conjugated goat anti-rabbit and Alexa-Fluor 488-conjugated goat anti-mouse secondary antibodies (Abcam, 1:200) and counterstained with DAPI. Images were acquired using an Olympus IX81 microscope (Tokyo, Japan). The mature vessels were detected as CD31 and α-SMA double-positive vascular structures.

Statistical Analysis {#s0002-s2014}
--------------------

All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS) software (v 22.0; Chicago, IL, USA) using the nonparametric Mann--Whitney *U*-test. Data are presented as mean ± standard deviation (SD, n = 3). The results with P\<0.05 were considered statistically significant.

Results {#s0003}
=======

Characterization, Cellular Uptake, and Cytotoxicity of Fe~3~O~4~ NPs {#s0003-s2001}
--------------------------------------------------------------------

The morphology of the synthesized Fe~3~O~4~ NPs was analyzed by TEM. [Figure 2A](#f0002){ref-type="fig"} shows a TEM image with the size distribution of magnetite NPs, demonstrating that the particles were spherical with a uniform size distribution. The NPs agglomerated due to their magnetic properties. [Figure 2B](#f0002){ref-type="fig"} shows the average Fe~3~O~4~ NP diameter was \<60 nm. Following incubation with MSCs, the synthesized Fe~3~O~4~ NPs were internalized into the MSCs and localized in the cytoplasm ([Figure 2C](#f0002){ref-type="fig"}). There were no morphological differences between labeled and unlabeled MSCs ([Figure 2D](#f0002){ref-type="fig"}). NP-labeled MSCs showed typical blue deposits, which were present in nearly all Fe~3~O~4~ NP (50 µg/mL)-labeled MSCs. According to the ICP results ([Figure 2E](#f0002){ref-type="fig"}), 50 µg/mL NPs demonstrated the highest cellular uptake efficiency.Figure 2Fe~3~O~4~ NP synthesis and internalization by MSCs. (**A**) TEM image of Fe~3~O~4~ NPs (scale bar = 50 nm); (**B**) Size distribution of Fe~3~O~4~ NPs; MSCs were incubated with Fe~3~O~4~ NPs in FBS-free culture medium for 2 h. The cells and NPs were then co-cultured in fresh medium containing 10% FBS for 14 h. (**C**) TEM image of 50 µg/mL Fe~3~O~4~ NPs internalized into an MSC. Scale bar = 1.0 µm. MSCs were labeled with different NP concentrations for 16 h to define the optimum labeling efficiency. (**D**) Then, MSCs were stained with Prussian blue iron stain. Scale bar = 50 µm. (**E**) Iron concentration was determined by ICP-OES. (**F**) NP-induced cell toxicity was evaluated in MSCs labeled with NP at different concentrations for 24 h.

Next, we evaluated the cytotoxicity of Fe~3~O~4~ NPs at various concentrations on MSCs after labeling, and the data presented in [Figure 2F](#f0002){ref-type="fig"} show that the uptake of 50 µg/mL Fe~3~O~4~ NPs did not affect MSC activity. There was a decrease in the viability of cells treated with Fe~3~O~4~ at concentrations of \> 50 µg/mL. Thus, MSCs labeled with 50 µg/mL Fe~3~O~4~ NPs were used in the subsequent studies.

Effect of Fe~3~O~4~ NPs on MSC Differentiation, CD Marker Profiles, and Proliferation in vitro {#s0003-s2002}
----------------------------------------------------------------------------------------------

Labeling MSCs with Fe~3~O~4~ NPs did not affect CD marker expression. All cells expressed CD44, CD73, CD105 and CD90, and lacked CD34 and CD45 on their surface ([Figure 3A](#f0003){ref-type="fig"}). After treatment with adipogenic differentiation medium, NP-labeled MSCs were stained positive for lipid accumulation at a level similar to that of unlabeled MSCs. In addition, there was no difference in calcium deposition levels following osteogenic differentiation between the NP-labeled and unlabeled MSCs ([Figure 3B](#f0003){ref-type="fig"}). These results indicated that the differentiation potential of MSCs labeled with Fe~3~O~4~ NPs was similar to that of unlabeled cells. These results confirm that Fe~3~O~4~ NPs do not affect typical MSC characteristics.Figure 3MSC characteristics and proliferation were not affected by Fe~3~O~4~ NPs. MSCs were incubated with Fe~3~O~4~ NPs in FBS-free culture medium for 2 h. The cells and NPs were then co-cultured in fresh medium containing 10% FBS for 14 h. (**A**) Cell marker analysis of MSC-labeled NPs showed that strong CD44, CD73, CD105, and CD90 expression, and absent CD45 and CD34 expression. (**B**) Differentiation of MSC-labeled NPs. MSCs differentiated into osteoblasts and adipocytes. (**C**) Proliferation of 50μg/mL NP-labeled MSCs was assessed after 7 days using CCK8. (**D**) Colonies of 50 µg/mL NP-labeled MSCs were stained with Giemsa stain. (**E**) The number of colonies formed was counted.

We compared the proliferation of MSCs labeled with and without Fe~3~O~4~ NPs using the CCK-8 assay, which clearly revealed that the proliferation ability of MSCs labeled with 50 µg/mL Fe~3~O~4~ NPs was similar to that of unlabeled cells ([Figure 3C](#f0003){ref-type="fig"}). Additionally, the colony-forming assay revealed that Fe~3~O~4~ NP-labeled MSCs plated at a low density formed colonies ([Figure 3D](#f0003){ref-type="fig"} and [E](#f0003){ref-type="fig"}). Therefore, Fe~3~O~4~ NPs are a biocompatible nanomaterial for clinical applications.

Enhancement of Anti-Inflammatory Cytokine and Chemokine Secretion Profiles by NP-Labeled MSCs in vitro {#s0003-s2003}
------------------------------------------------------------------------------------------------------

To determine whether labeling MSCs with Fe~3~O~4~ NPs affected their secretory capability, we measured cytokine secretion by unlabeled and labeled MSCs. The C-X-C motif chemokine ligand 2 (CXCL2), granulocyte macrophage-colony-stimulating factor (GM-CSF), L-selectin, intracellular cell adhesion molecule (ICAM)-1, tissue inhibitor of metalloproteinase (TIMP)-1, and interleukin (IL)-4 levels were significantly increased in MSCs labeled with Fe~3~O~4~ NPs compared with those in unlabeled MSCs. There were no differences in the CXCL3 and IL-13 secretion profiles between NP-labeled and unlabeled MSCs ([Figure 4](#f0004){ref-type="fig"}).Figure 4Cytokine release from MSCs labeled with Fe~3~O~4~ NPs. MSCs were incubated with Fe~3~O~4~ NPs in FBS-free culture medium for 2 h. The cells and NPs were then co-cultured in fresh medium containing 10% FBS for 14 h. The MSC-alone control cultures were collected at 24 h. Standard cell culture medium was used as the control. Cytokine concentrations were measured using the Luminex assay. Bars represent the SD. \*p \<0.05, and \*\*\*p \<0.001, vs the MSC-alone group.

Magnetic Targeted of MSC Migration to Burn Injury Sites and Their Therapeutic Effects in the Rat Model {#s0003-s2004}
------------------------------------------------------------------------------------------------------

We assessed MSC homing in response to severe burns in vivo by transplanting Fe~3~O~4~ NP-labeled or unlabeled MSCs into rats with severe burns. The rats were then subjected to live imaging at 7 days after MSC transplantation. Unlabeled and NP-labeled MSCs were dyed with DiD before transplantation. Numerous MSCs were present in the cutaneous area of the burn wound site on days 7. Additionally, fluorescent signals in the burn wounds in rats treated with magnetically targeted MSCs were stronger than those in the other group rats on days 7 ([Figure 5A](#f0005){ref-type="fig"}). Prussian blue staining for iron with DAB enhancement showed minimal iron deposition in the burn wound sites in the Fe~3~O~4~ NP-labeled MSC group, while more iron deposition in the magnetically targeted MSC group ([Figure 5B](#f0005){ref-type="fig"}). These results suggest that EMF promotes homing of NP-labeled MSCs to burn injury sites in vivo.Figure 5MSC migration to the burn injury lesions and their therapeutic effects in the rat model. (**A**) The live imaging of MSCs, labeled MSCs, and magnetically targeted MSCs in rats with burn injuries. (**B**) DAB-enhanced Prussian blue staining of skin sections at 7 days revealed that Fe~3~O~4~ NPs remained in the skin tissues. The red arrow indicates yellowish brown iron deposits. Scale bar = 100 μm. (**C**) Histological features of skin sections from the burned area stained with H&E at 7 days after burn induction. Scale bar = 100 μm. (**D**) Immunofluorescence staining for CD31 and α-SMA in wounds after treatment with PBS, MSCs, MSCs labeled Fe~3~O~4~ NPs or magnetically targeted MSCs 7 days post-wounding. The red arrow indicates vessels. Scale bar = 100 μm.

H&E staining of the skin burn sections showed that inflammatory cells were the primary cells infiltrating the severe burn wounds. The total number of lymphocytes in the burns of rats transplanted with MSCs, Fe~3~O~4~ NP-labeled MSCs, and magnetically targeted MSCs was considerably lower than that in the PBS-treated group ([Figure 5C](#f0005){ref-type="fig"}). The vascularization of newly formed tissues is an essential step in the wound healing process. In the present study, we identified vessels at wound sites by co-staining against CD31 and alpha-smooth muscle actin (α-SMA) ([Figure 5D](#f0005){ref-type="fig"}). The number of vessels increased during the healing process in all MSC-treated groups, with the magnetically targeted MSC group displaying the greatest vessel density of vessels at day 7 and the MSC group or Fe~3~O~4~ NP-labeled MSC-treated group having a higher vessel density of vessels than the control group.

Changes in Anti-Inflammatory Cytokine Profiles Following Treatment with Magnetically Targeted MSCs in vivo {#s0003-s2005}
----------------------------------------------------------------------------------------------------------

Moreover, we evaluated cytokine levels in the serum of MSCs, Fe~3~O~4~ NP-labeled MSCs, and magnetically targeted MSC groups at 1, 4, and 7 days after transplantation. The IL-1α, IL-2, IL-6, and interferon (INF)-γ levels in the burn transplanted with MSCs, Fe~3~O~4~ NP-labeled MSCs, and magnetically targeted MSCs were lower than those in the PBS group ([Figure 6](#f0006){ref-type="fig"}). However, the level of anti-inflammatory cytokines, such as IL-10, in these groups was higher than that in the PBS group. Moreover, the VEGF level in the three MSC-transplanted groups was higher than that in the PBS group. In the magnetically targeted MSC-transplanted groups, the VEGF level was higher and IL-6 level was lower than those in the other groups. In addition, 7 days post transplantation, the IL-1α and IL-2 levels were lower in the magnetically targeted MSC group than in the other MSC groups.Figure 6Cytokine level analysis in the rat model. Kinetics of cytokine levels in serum of burned rats treated with PBS, MSCs, MSCs labeled Fe~3~O~4~ NPs or magnetic targeting MSCs. (n = 3). Bar represent the SD. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p\<0.001, vs the PBS group.

Concomitant with MSC retention at burn sites, reduced pro-inflammatory gene expression, including tumor necrosis factor-α (TNF-α), *IL-6*, and cyclooxygenase 2 (*COX2*), was observed in the qRT-PCR analysis of the skin samples at 7 days ([Figure 7](#f0007){ref-type="fig"}). Additionally, a statistically significant increase in anti-inflammatory gene expression (*TGF-β, IL-4*, and *IL-10*) was observed in tissues injected with NP-labeled and unlabeled MSCs compared with those in the PBS group. *VEGF* was also upregulated in tissues injected with NP-labeled and unlabeled MSCs, with higher levels in tissues treated with magnetically targeted MSCs than in tissues treated with MSCs alone or NP-labeled MSCs.Figure 7qRT-PCR analysis of *IL-6, TNF-α*, and *COX2* (pro-inflammatory); *IL-4, TGF-β*, and *IL-10* (anti-inflammatory); and *VEGF* genes on tissue explants at 7 days following the injection of magnetically targeted MSCs, MSCs labeled with Fe~3~O~4~ NPs, and unlabeled MSCs (n = 3). Bars represent the SD. \*\*p \< 0.01 and \*\*\*p \< 0.001, vs the PBS group.

Safety of Fe~3~O~4~ NPs in vivo {#s0003-s2006}
-------------------------------

To evaluate the safety profile of Fe~3~O~4~ NPs on major rat organs in vivo, the heart, liver, spleen, lung and kidney were investigated. The data presented in [Figure 8](#f0008){ref-type="fig"} show no obvious difference in inflammatory, apoptotic, or necrotic cells in rat tissues, indicating that Fe~3~O~4~ NPs did not cause obvious toxicity in vivo. Therefore, Fe~3~O~4~ NPs are excellent nanomaterials that can be used to study interactions between NPs and the body milieu because of their aqueous solubility.Figure 8H&E staining of the heart, liver, spleen, lung, and kidney at 7 days after tail-vein injection of PBS, MSCs, NP-labeled MSCs, or magnetically targeted MSCs. Scale bar = 50 μm.

Discussion {#s0004}
==========

Effective MSC migration and homing following transplantation pose a major hurdle in the development of regenerative therapies. Previous studies labeled MSCs with NPs to investigate the fate of NPs following injection or to guide them to specific target areas via EMF application.[@cit0039],[@cit0042] Herein, we demonstrated that NPs were effectively incorporated into MSCs without influencing MSC proliferation or viability in vitro. The application of magnetic targeting improved the in vivo homing efficiency of NP-labeled MSCs to the burn region in a rat model. Further experiments demonstrated that magnetically targeted MSCs improved cellular anti-inflammatory capacity compared with MSC treatment alone. This study provides new insights into strategies for enhancing MSC migration to wound sites, and this may contribute to the development of novel methods for treating and improving wound healing. In this study, we used commercially available NPs for cell labeling. The average size of the NPs ranged from 40 to 60 nm, which is similar to the finding of a previous study.[@cit0043] The in vitro and in vivo data confirmed that MSCs effectively internalized the NPs in the absence of any transfection agent without significantly altering MSC properties. Previous studies indicated that Fe~3~O~4~ NP labeling increased MSC viability, proliferation, and differentiation potential.[@cit0044],[@cit0045] However, other studies reported that Fe~3~O~4~ NPs reduced the viability and colony-forming ability of cells.[@cit0046],[@cit0047] Recent findings on the effect of NPs on cell behavior are controversial due to differences in NP size, shape, surface modifications, and incubation concentration and time among studies. However, we did not observe severe adverse reactions in vivo following NP administration, which may have been due to the small size of the NPs. In addition, NPs at 50 µg/mL concentration exhibited the highest cellular uptake efficiency because higher concentrations of NPs reduce the Brownian motion, thereby precluding the cellular uptake of NP aggregates.[@cit0046] Additionally, NP tended to aggregate at higher concentrations in the culture medium and adhere to the plate.[@cit0048]

Our Luminex results revealed that the incorporation of NPs into MSCs enhances their ability to secrete anti-inflammatory cytokines and growth factors, which are vital factors for enhancing the therapeutic effect of these cells. Previous findings showed that iron oxide NPs increased ICAM-1, E-selectin, IL-6, and IL-8 production in human umbilical vein endothelial cells or human aortic endothelial cells,[@cit0049],[@cit0050] whereas *CCL5* and *MMP9* were differentially upregulated in RAW264.7 cells.[@cit0051] Moreover, CXCL1, CXCL2, CXCL3, and CCL3 were differentially upregulated in iron oxide NP-loaded lung epithelial cells.[@cit0052] Iron oxide NPs also promoted the expression of genes associated with the wound healing process, including *TGFβ1, MMP2, MMP9, WNT4*, and *CTNNB1*, resulting in improved wound healing.[@cit0053] Moreover, in vitro Fe~3~O~4~ NP-loaded endothelial progenitor cells enhanced the migration and secretion of growth factors (VEGF and FGF), and this was associated with a moderate increase in reactive oxygen species production.[@cit0054] Hence, iron oxide NP uptake by certain cell types enhances the expression of anti-inflammatory cytokines and growth factors.

The wound healing process may be disturbed by necrosis, infection, and excess levels of inflammatory factors. If a wound is in a continuous inflammatory state, it will initiate a cascade state, resulting in a permanent nonhealing state.[@cit0055] In the present study, MSCs migrated into wound sites, and localized to the wound base and edge. Magnetic targeting increased the recruitment of intravenously injected MSCs and significantly promoted anti-inflammatory effects. Our results showed that the production of the pro-inflammatory cytokines INF-γ, IL-2, IL-6, and IL-1α in the burn was significantly lower in the transplanted MSCs, NP-labeled MSCs, and magnetically targeted MSC groups than in the PBS-treated group. Furthermore, NP-labeled MSC accumulation at the injury site clearly increased the production of the anti-inflammatory cytokine IL-10, which plays a major role in the MSC anti-inflammatory cytokine profile. In a previous study, cutaneous wounds transplanted with human umbilical cord MSCs demonstrated a substantially lower number of inflammatory cells and pro-inflammatory cytokines than the PBS-treated group.[@cit0022] Magnetically targeted MSCs presented an improved inflammation-inhibiting effect at the wound site.

The process of new blood vessel formation in wounds is initiated by VEGF, which activates the endothelial cells of existing vessels.[@cit0021] In skin wounds, increasing VEGF secretion facilitates recovery and healing. The magnetically targeted MSC group appeared to exhibit higher VEGF expression than the other groups. MSC recruitment and accumulation at burn sites increased the restorative effect, and this is consistent with previous study findings.[@cit0056] The decreased expression of pro-inflammatory markers and increased expression of anti-inflammatory agents suggest that MSCs exhibit anti-inflammatory activity. Several studies have revealed that MSC-secreted paracrine nutrition factors, such as VEGF, promoted the neovascularization of injured tissues.[@cit0057] Additionally, we found that magnetic targeting enhanced the cutaneous wound healing effects of MSCs through significantly increasing the number of closed tubular structures in vitro and increasing the number of blood vessels in vivo. These results indicated that magnetically targeted MSCs could improve the blood supply in wound beds, and the number of blood vessels increasing as MSCs accumulated in the wound. Overall, these results suggest that magnetic targeting promotes the therapeutic effects of MSCs in laser-induced skin injuries.

In this study, Fe~3~O~4~ NPs were effectively incorporated into MSCs without altering their stem cell properties. Magnetically targeted MSCs were used in a rat laser wound model. After implantation at the injured skin site, magnetic targeting enhanced the recruitment of NP-labeled MSCs and contributed to the improvement in the anti-inflammatory ability compared with MSC treatment alone. This study provides new insights into a strategy to boost MSC migration to wound sites, which may contribute to the development of novel methods for treating and enhancing wound healing.
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